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ABSTRACT 
This thesis presents a study of the backgating effect in gallium 
arsenide metal-semiconductor field-effect transistors. The devices 
tested were fabricated on material layers formed by ion-implantation, 
--MBE, and MOCVD, and isolated by a combination of shallow mesa etch and 
\ 
oxygen implant. The results for the different materials were used to 
evaluate the accuracy of the classic backgating model in which space-
charge-limited currents are responsible for the effect. It was found 
that a high p-type buffer beneath the device channel in one of the MOCVD 
wafers was responsible for very large thresholds for backgating, in 
excess of 20 Volts for a backgate separation distance of 7.5 um. The , 
leakage currents for this material were found not to obey the space-
charge-limited model. The classic model was shown to apply to the 
wafers using ion-implanted and MBE epitaxial layers, with backgating 
thresholds well below those obtained on the MOCVO wafer with the high p-
type buffer layer. The backgating characteristics of the MOCVD wafer 
.. , 
with low hole concentration in the buffer were qualitatively similar to 
the ion-implanted and MBE wafers, though a well-defined trap-filled-
limit voltage accompanying onset of space-charge-limited leakage 
.. 
currents was not observed. It is proposed that very large thresholds 
for backgating may be obtained in a material in which highly p-type 
(>!EIS cm-3), depleted buff~r layer$ are grown between the substrate and 
device active laye~s. 
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1, INTRODUCTION 
The subject of this thesis is the phenomenon of backgating in 
Gallium Arsenide field-effect transistors. The effect may be defined as 
the modulation of FET channel current by a parasitic gate, the backgate, 
controlled by a presumed isolated electrode. In an integrated circuit 
• this electrode could be a source, drain, or gate contact of an adjacent 
device. Voltage communication between "isolated" devices can have 
drastic effects on circuit performance. Operating point shifts, duty 
cycle dependence, noise marg;n degradation, and· IC cut-off have all been 
observed and attributed to backgating [1,2]. Backgating is highly 
sensitive to material properties and spatial separation of devices and 
thus imposes severe limitations on. device density, choice of isolation 
technique, and choice of material technology. It is the purpose of this 
study to investigate the backgating properties of conventional GaAs 
FET's fabricated with the competing material technologies of metal-
organic chemical vapor deposition (MOCVD), molecular beam epitaxy (MBE), 
and direct ioQ implantation into semi-insulating GaAs. / 
. t. 
I 
Backgating has ~een studied in industry and academia for more than 
a decade [3]. The fundamental mechanisms and theory are accepted, 
though refinements are necessary. A direct comparison of the backgating 
properties of materials grown by different techniques serves three 
important purposes: I} the applicability and continuity of the accepted 
l• 
theory are tested, 2} the advantages and/or disadvantages of different 
2 
.. 
\ 
I 
materials are revealed so that relative merits may be considered for 
particular circuit applications, and 3) the observed differences in 
behavior suggest refinements, additions to, and inadequacies of the 
theory to be corrected with additional .study. The focus will be on 
relevant electrical performance and qualitative beha~ior rather than on 
the quantitative details of the physics involved, though a thorough 
review of the physical theory is essential to understanding the 
experimental observations. 
2. THEORY 
2.1. Energy Bands At The GaAs N-Insulating Interface 
L 
A typical recessed-gate GaAs MESFET as used in this study is shown 
in cross section in Figure I. The epitaxial layers may be formed by 
either deposition or blanket ion implantation directly into the semi-
insulating substrate. The backgate is located at the interface between 
the doped channel and semi-insulating layers. The importance of this 
-interface is revealed by an examination of the associated energy band 
diagram {Fig. 2). Because the Fermi ·1evels on both sides of the 
interface must coincide, band bending is a necessary consequence, with a 
depletion layer giving r~se to the electric field and built-in 
potential. 
' 
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The picture appears very much like the typical n-p junction with 
one important exception. As in a normal n-p junction the fixed charge 
on then-side i~ the positive ionized donor impurity charge uncovered by 
spatial separation of free electron charge from the associated donor 
atoms. But if there is negligible free charge {typically 107 cm-3 for 
high purity LEC [4]) in the semi-insulating material with resistivity 
>107 ohm-cm, how is the requisite charge balance achieved? The answer 
is that there exist in GaAs numerous shallow and deep impurity energy 
levels giving rise to the semi-insulating behavior [5], and alteration 
of the charge balance between these levels results in the local net 
negative charge necessary to balance the positive charge in the channel. 
The existence and befi~vior of these shallow and deep energy levels 
I 
I 
in GaAs as related to semi-insulating properties are well documented and 
highly dependent on growth technique. For illustration, the situation 
in undoped semi--insulating liquid encapsulated Czokralski (LEC) will be 
used as all substrates in this study are of this type. A three-level 
model for the bandgap is shown in Figure 3 [5]. Ndd' N5d, and N5a are 
used to designate the· deep donor, shallow donor, and shallow acceptor 
levels respectively. The deep donor level is the dominant deep donor 
level in GaAs EL2, thought to be related to the gallium on arsenic 
antisite native defect. The shallow donor level may be silicon or 
sulfur which is unint~ntionally incorporated into the growth melt. The 
' 
. 
shallow acceptor level 1 is believed to be. carbon introdoced by the 0203 
e~capsulant used in the growth process. When the conditions on 
4 
• 
V 
concentration of levels listed below are met, semi-insulating behavior 
is observed [6]: 
The proximity of the shallow levels to the band edges means that at room 
temperature these levels are fully ionized. If the concentrations of 
all levels are known, the location of the Fermi level may be determined, 
and hence the occupancy of the deep level (EL2) may be computed [7]. 
Neglecting the contribution of free electron and holes is justified 
because their-·concentrations are many orders of magnitude smaller than 
the concentrations of deep and shallow levels. 
Returning to the energy band diagram with all levels displayed 
(Fig. 4), band bending is shown to result in approximate neutrality 
(full electron occupancy) of the deep level which results in the net 
negative charge residing on the substrate side of the interface. Note 
that the deep levels exist in the channel also, but their effect is 
minimal because of the much higher donor doping concentration. Bulk 
neutrality in the substrate is achieved by the fixed charge balance 
previously described. In GaAs grown by different techniques the shallow 
and deep levels exist at varied concentrations and energy levels. The 
5 
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'' 
l 
r 
' 
basic concept of charge balance between these levels and at the 
interfacial space charge layer is the same. 
The physics of this situation 1s one prime element in the theory 
of backgating. An expansion of the interfacial depletion region will 
result in reduction of channel current in the biased FET, which is the 
backgating effect. A mechanism for controlling this expansion is 
necessary, though, to complete the qualitative?physical model. Before 
describing this mechanism it is worthwhile to describe in greater detail 
the device implications of the interfacial depletion region. 
2.2. Device Implications of Deep Levels in GaAs 
As describ~d, deep energy states. in GaAs are responsible for the 
semi-insulating behavior. Because of the position of these levels in 
the band gap, their presence dominates th~ recombination properties of 
the semiconductor even at low concentrations of 1El2-1El4 cm- 3 [8]. The 
most important characteristic of deep levels in the context of the 
substrate-epi layer interface is their ability to "trap'' and emit free 
. 
carriers from the valence and conduction bands. The rate at which 
carriers are trapped and emitted from these levels depends.upon the 
trap's· energy position, capture cross-section, and temperature of the 
sample. While the average occupancy of the trap is determined by the 
Fermi function, periodic capture and emission from traps results in 
( 6 
1 
fluctuations about the average vilue (8]. Current oscillations in bulk 
semi-insulating GaAs have been widely observed and attributed to the 
existence of deep energy states [9,10]. In early GaAs MESFET's this 
effect was first noticed as anomalous low frequency noise properties due 
to the high concentration of electron traps present at the epi-substrate 
interface. Electrons from the FET channel injected into the substrate, 
trapped and re-emi~ted, resulted in low frequency oscillations in the 
drain current [11]. Since a change in occupancy of the substrate 
trapped charge must result in a commensurate change in the epi-substrate 
I • 
I 
depletion layer ~idth, channel constriction results in drain current 
modulation, a sort of "self-backgating". Drain current transient 
measurements over temperature were used to determine the location of 
these traps in energy, and a wide variety of deep levels were identifi-ed 
(12]. The high concentration of traps at the epi-substrate interface 
was also blamed for the low channel mobility observed in early low-noise 
and power GaAs MESFET's [5]. It was not until the introduction of high 
quality buffer layers between the substrate and active layer that 
significant improvements were made. Low frequency phenomena continue to 
be observed, however, even in devices fabricated with semi-insulating 
buffer layers. So while the deleterious effects of the poor quality 
substrate surface have been minimized, the effects of the traps in 
buffer layer continue to be a problem. 
" . 
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2.3. Frequency Dependent Output Impedance 
\ 
I 
An important parameter in determining device gain is the small-
signal output impedance (Fig. 5). Two dimensional analysis of the 
l 
channel predicts drain current dependence on drain voltage in the 
saturation region due to channel length modulation, a situation 
analagous to the Early effect in Si bipolar transistors (13]. A 
frequency dep~ndence of the output impedance at low frequencies is not 
predicted, though it has been widely observed since GaAs MESFET's were 
first fabricated. The output admittance above several megaHerz is 
always observed to be higher than the DC value. This frequency 
dependence is found to occur between approximately 100-lMHz, which 
corresponds to the typical published trapping time constants for 
electron traps in GaAs [14,15]. A finite, positive phase shift in 
output admittance during the transition from low tp--high frequencies 
indicates the capacitive effect of the traps. The typical GaAs MESFET 
! 
output admittance versus frequency characteristic has the behavior shown 
in Figure 6(a) and is modeled by the electrical network in Figure 6(b). 
In this model, g1 is chosen equal to the DC value of output conductance, 
and 92 is chosen to give the high frequency value resulting from the 
' 
parallel combination of g1&92. The capacitor c1 is chosen to give the 
appropriate phase shift during the transition. The g1/c1 rati\Ts-~~-----) 
" 
to the time constant of the trap involved. More parallel g-c e ments 
may be added to the circuit to· model the case where more than one trap 
dominates the behavior of the device [14]. 
• I 
l 
• 
In GaAs MESFET's of the type shown 1n Figure 7 the output 
/ 
impedance derives from the channel length modulation and a parallel 
leakage path through the buffer layer (13]. Because the buffer layer 
contains traps, the buffer leakage should, in principle, depend on the 
' 
occupancy of the traps. Qualitatively, the reason for the high 
frequency lowering of the output impedance can be explained as follows. 
At low frequencies where trapping time constants are small enough to 
respond, a certain fraction of the injected electrons into the substrate 
will be trapped. At high frequencies above which deep traps cannot 
respond to the signal applied, a smaller number of injected electrons 
will be trapped and the substrate leakage will be larger, giving rise to 
the increased output admittance [15]. Some methods for reducing the 
frequency dependence of the output impedance have been proposed. Both 
involve inhibiting the injection of electron into the substrate whi.ch 
increases the output impedance as well. The first technique employs a 
p-type buffer layer doped at> IEIS cm- 3 introduced below the device 
channel to increase the abruptness of-the energy band diagram at the 
interface (Fig. 8). The p-type layer pulls the Fermi level below the 
deep trap level and thus greatly reduces its probability of being 
occupied by an injected electron from the channel. This Fermi level 
"pinning" results in interfacial traps which resist changes in 
occupancy. Success has been reported using this method [15]. Another 
method proposed uses an undoped AlGaAs buffer layer under the channel. 
/ The heterojunction formed prevents injection of electrons into the 
r~gion where they would be trapped by the high concentration of deep 
levels (16]. 
9. 
• 
\ 
Because deep traps at the channel-substrate interface have been 
associated with frequency dependent output. impedance, the output 
impedance of the devices in this study were measured over frequency to 
confirm the existence of interfacial deep levels. The backgating 
' 
implications of a buried p-type layer as proposed to reduce frequency 
dependence are not known. For this reason, one of the MOCVD wafers in 
the study was chosen to have a p-type buffer layer with p•IEIS cm-3. 
'\ 
2.4. Backgating Model 
, 
A MESFET of the type used in this study is shown with a backgate 
ohmic contact in Figure 9. The oxygen implanted region serves to 
isolate the backgate contact from the device channel by induced damage. 
The channel-buffer layer interface may be thought of as a n-p junction. 
Excess electrons injected into the buffer and trapped at the interface 
' / 
will force a corresponding increase in the depletion depth in the 
channel and a reduction in channel current. In order for the backgating 
to occur, the channel-semi-insulating depletion layer must be reverse 
I 
i biased .so that its width increases and encroaches on the channe 1 depth 
[17]. The n-p junction formed by then layer-buffer interface at the 
' . backgate contact is forward biased to permit electron injection. Thus, 
backgating has not been observed for positive backgate voltages with 
respect to the device.· Typical backgating characteristics .observed at V 
many laboratories are shown in .Figure 10. No backgating is seen below a 
certain threshold value for Vbg' above which the saturated channel 
I . , 10 
.,, 
current ldss decreases rapidly. The effect of increasing backgating 
threshold with increasing backgate distance from the device is also 
uniformly cbserved. 
' ' ,. The explanation for these characleristics has been proposed by 
many laboratories [17-21]. The problem can be considered a voltage 
divider electrical network as shown in Figure 11. The magnitude of the 
.; 
reverse bfas applied at the channel-buffer interface will depend on the 
effective resistance of the semi-insulating buffer layer between the 
device and the backgate contact. For values of backgate voltage below 
the critical value Vbgth, all of the backgate voltage is dropped in the 
semi-insulating region. This theory is entirely consistent with the 
theory of current flow in insulators containing traps as proposed by 
Lampert and Mark [23]. At low voltages, injected electrons are captured 
by deep traps beginning at the backgate contact end. The current flow 
is cor.respondingly small and ohmic in behavior. As the voltage is 
progressively increased, the deep traps continue to fill closer to the 
channel-buffer interface until all the traps are filled and the current 
increases rapidly because there are no traps to capture the injected 
electrons (Fig. 12). The injected electrons which accumulate at the 
channel-substrate interface contribute to the negative charge in the 
i 
substrate and force a widening of the depletion layer in the channel, 
thereby reducing the.1 channel current [18]. Electron accumulation at the 
interface has been been confirmed in numerical analyses of n-i-n 
structures [18,22], 
) 
11 
'-· 
) 
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' ' The voltage at which all of the traps are filled is designated 
Ytfl, the trap-filled-limit voltage, and is expressed for the case of a 
single deep trap level as (23]: 
where q is the electronic charge, Nt the equilibrium concentration of 
unfilled traps, d the length of the insulating region, and e the 
permitivity of GaAs. Thi_s relation applies for the one-dimensional 
current flow case and deviations from a square dependence on length for 
practical device configurations should not be surprising. A value for 
Ytfl using typical values for ionized EL2 concentration in LEC GaAs of 
2El4 cm-3 and d of Sum would give Ytt1•3.5 Volts, a value on the order 
of widely observed numbers for Vbgth in direct implanted into LEC 
MESFET's [19]. 
Correlation between th~ onset for backgate current rise and the 
onset of backgating has been observed at numerous laboratories 
[17,19,21,22,24]. Numerical simulations of the n-i-n structure reveal ' 
appreciable voltage drops across the,channel-buffer junction only after 
the trap-filled-limit voltage is reached [22]. This explains the 
observed dependence of Vbgth on Ytfl· 
\ 
12 
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The expression for Ytfl and its widely observed influence on Vbgth 
suggest that backgating may be reduced by increasing the deep trap 
density in the semi-insulating material. This theory has been tested 
experimentally with the result that increasing deep trap densities yield 
increasing backgating thresholds [19,25]. This solution may have 
undesirable consequences because of the other problems associated with 
high trap densities at the channel-substrate interface mentioned 
earlier. 
The following general features of the proposed backgating model 
will be investigated in this study: 
-the backgating threshold voltage correlates to the onset of backgate 
---
leakage current rise 
-the backgating threshold voltage increases with increasing backgate 
contact-to-device separation 
• f 
. \ ' 
-the backgating threshold voltage increases. with increasing unfilled 
I deep trap density at equilibrium 
IJ 
_) 
• 
, 
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3, BACK6!I1N8 EJPERINMAL PROCEDURE 
3.1. Materials 
< 
Four types of 2• GaAs materials were chosen for this study. They 
are described in the table below. 
EXPERfiENT AL WAFER LA YER STRUC~ES 
.. 
WAFER# SUBSTRATE 
/TYPE 
401 
MOCVO 
403 
MOCVO 
13151 
WACKER 
UNOOPED LEC 
WACKER 
UNOOPED LEC 
WACKER 
ION IMPL. UNDOPED LEC 
\ 
701 
MBE 
WACKER 
UNOOPED LEC 
BUFFER 
./ 
1.SUM 
• 
ACTIVE LAYER 
.3UM 
CONTACT LAYER 
.1 UM 
p= 1 E1 SCM-3 Nd=8E16CM-3 Nd> 1E18CM-3 
• 
1.SUM .3UM . 1 UM 
p= 1E14CM-3 Nd=8E16CM-3 Nd> 1E18CM-3 
NONE .3UM .1 UM 
Nd=8E16CM-3- Nd> 1E18CM-3 
1.SUM .3UM .1 UM 
Nd=8E16CM-3 Nd> 1E18CM-\3 
14 
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The MOCVD materials were purchased from Epitronics, Inc. of 
' 
' Pheonix, Arizona. The p-type conductivity of the MOCVO buffer layers is 
achieved by varying thP ;atio of growth gases - no\ intentional 
impurities were added. The hole concentrations were determined by 
Epitronics using a Hall technique and provided with the wafers. The 
ion-implanted material was made by direct, blanket silicon implantation 
at AT&T Bell Laboratories of Reading, Pa. The MBE material was 
purchased from Picogiga of Les Ulis 1 Cedex, France. Its buffer layer, 
like the MOCVO, is undoped and slightly p-type. All active and contact 
layer dopants were silicon, and all substrate materials were undoped 
LEC. 
3.2. Device Structures 
MESFET's were fabricated in these four wafers by a gate-recess 
process to achieve a pinch-off voltage (Vp) of approximately -800 mV. 
The nominal gate length (Lg) was measured to be .7 um, formed by optical 
contact lithography. Device isolation was performed by an ion mill and 
wet etch to form the shallow mesa and two oxygen implants of 5E12 cm- 2 @ 
\_:_) 40KeV and 3E12 cm-2@ ISOKeV to isolate completely through the active 
layer to a depth of approximately .5 um. The resulting depletion-mode 
MESFET structure is pictured in cross section in Figure I. 
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A backgating tester was designed for the measurements in this 
experiment. The layout is shown in Figure 13. Four isolated ohmic 
/ 
contacts spaced at 7.5, 17.5, 27.5, and 37.5 um serve a~ backgate 
contacts to the 100 um wide DFET. 
3.3. Characterization 
" 
Measurements were performed on nine backgate testers on each of 
. the four wafers. The positions were spaced across the wafer to account 
for any non-uniformities in material and/or processing (Fig. 14). All 
measurements were taken with the wafers mounted on an isolated sapphire 
I 
~sc on a Wentworth manual wafer probe station. Contact to the test 
'f;:ds were by lmil palladium probes connected to micromanipulators. The 
electrical measurements were performed using a HP 4145A semiconductor 
parametric analyzer and a HP 4194A impedance/gain-phase analyzer. 
Optical excitation of the devices was achieved by illumination with the 
white light of the microscope lamp. The test apparatus is pictured in 
Figure 15. 
3 .,3 .1. Measurement Descr1 pt 1 ons 
The following measurements were used to characterize the 
backgating properties of the four types of materials~ All bias 
0 
" 
/· 
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conditions were maintained for 1 second during sweeps to allow for 
' 
recovery from slow transients due to deep trap capture and emission. 
1) FET Drain Current vs. Backgate Voltage - The FET was biased in 
saturation with Yds·2Y & Ygs•O as Vbg is swept from +2 to -14 Volts in 2 
Volt steps. The drain current response was measured and referenced to 
the saturated drain current measured at Ybg•O, ldss. More detailed Vbg 
sweeps were performed where indicated. 
2) Backgate Leakage Current vs. Backgate Voltage - Backgate leakage lbg 
' ~ 
was measured for the above bias conditions. 
3) FET Drain Current, Backgate Leakage vs. Backgate Voltage with 
' 
Backgate Spacing as the Parameter - The measurements described in I & 2 
were performed for the four backgate spacings to study the backgate-
channel coupling effect with varied spatial separation. 
4) FET Drain Current, Backgate Leakage vs. Backgate Voltage under Dark 
and White Light Illumination - The measurements in I & 2 were repeated 
under microscope white light illumination. 
5) FET Saturated Output Admittance vs·. Frequency - The small-signal. 
(lOOmV) output admittance was measured from lOOHz-lMHz while holding 
17 
Ygs·O and Yds·2Y. Measurements were performed under dark and 
illuminated conditions. 
These measurements were used as a basis for comparison of the four 
material types and as a means to test the consistency of the backgating 
model described in the theory section. 
4, RESULTS AND DISCUSSION 
4.1. Drain Current Reduction Due To Backgating 
\ 
Figure 16 shows the wafer distributions for drain current 
reduction due to backgating for the backgate separation of 7.5 um. The 
MOCVD p•lE14 cm-3, ion implanted, and MBE wafers exhibit "conventional" 
backgating characteristics with decrease in drain current above a 
threshold value. The MOCVD p=lElS cm-3 exhibits quite unique backgating 
behavior which has not been reported in the literature. An initial 
amount of backgating is followed by constant current independent of 
backgate voltage for a given device. The MOCVD p•lElS cm-3 is also the 
only material to exhibit slight enhancement of the drain current for 
positive backgate voltages. 
I 
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The corresponding backgate leakage current characteristics are 
shown in Figure 17. Both the ion implanted and MBE wafers exhibit the 
classic trap-filled-limited current ~low behavior of an insulator 
containing deep traps. Both MOCVD wafers display unusual leakage 
behavior; that is, the typical trap-filled-limited current flow is not 
observed. Figures 18(a),(b) are box plots of the irdss and Ibg at Vbg·-
8 for the four wafers. The line in the box represents the median value 
for the wafer and the box represents the middle soi of the data. 
Whiskers extend to the extremes of the distribution and outliers are 
indicated by points. The MBE wafer retains the highest %1dss while the 
ion implanted wafer shows the largest reduction in drain current. 
Inspection of the corresponding backgate currents reveals no correlation 
between leakage level and drain current reduction. Clearly the leakage 
current at a given backgate voltage would be an inappropriate criterion 
to use when judging the quality of the backgating performance for the 
different materials. Higher leakage currents do not alone predict poor 
backgating behavior, and vice versa. The wafer drain current 
( 
distributions at ·vbg_~-12V are shown in the box plot of Figure 19. The 
MBE wafer shows the lowest values for remaining drain current at this 
Ybg· Both the ion implanted wafer and the MOCVD p•IE14 cm-3 wafer show 
more gradual reduction in drain current by the same amount of 
approximately 35% from Ybg•-8 to Ybg•-12V. So while the MBE wafer 
i\,.-
exhibits a higher,threshold for backgating, its drain current reduction 
after Vbgth is more drastic than either t~e ion implanted or the MOCVD 
· p•IE14 cm-3 wafer. These results s~ggest that the choice of matertal 
1' 
for particular design applications will be very different. 
\ 
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A great deal of qualitative information may be gained from a more 
detailed examination of the results thus far. The MOCVD p•lElS cm·3 
wafer will be discussed first. An initial significant reduct-;on in 
drain current can be explained be considering an undepletad p-type 
conducting layer existing between the channel-buffer interface and the 
,,. backgate contact. The zero bias depletion layer width in the buffer may 
be estimated by using the following relation and assuming full 
ionizatton of any deep traps present in the depletion layer on the p-
side [26]: 
Wp•((2e/q)(kT/q)ln(NaNd/ni2))1/2 
x(Nd/Na(Na+Nd)}l/2 
For Na 2 lElS cm-3 and Nd•8El6 cm-3, wp-1.2 um. This is slightly less 
than the buffer layer thickness and thus provides some justification for 
the idea of an undepleted conducting layer between backgate contact and 
channel. The relatively low value of resistance in the conducting layer 
due to an excess of shallow acceptors over deep traps provides an 
efficient medium for transmitting the back ate voltage 1 to the channel-
buffer interface. A spread in the interfa ial depletion layer and 
corresponding reduction in drain current results from mobile holes being 
swept out of the undepleted portion of the buffer layer beneath the 
• 
channel. The situation is more like a conventional p-n junction than 
the case where mobile carrier density in the buffer is low. The 
relatively high conductivity of this undepleted buffer layer can be seen 
20 
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1n the plot of backgate leakage c~rrent at Ybg•·SV (Fig. 18(b)). A 
representative device characteristic is shown in Figures 20(a),(b). The 
leveling off of drain current is seen to correspond to a deviation of 
the backgate leakage current from the low voltage behavior. · If this low 
voltage current is,ohmic as suggested, the current should be a linear 
function of voltage. The leakage current replotted on a linear scale 
confirms this (Fig. 21). A deviation from this ohmic behavior must 
correspond to an annihilation of the conducting layer by sweeping all 
mobile holes out of the buffer layer and fully depleting the buffer. 
The conductivity now drops and the backgate contact is effectively cut 
off from the interface because most of the backgate voltage is now 
dropped across the depleted region separating the backgate contact and 
the device channel. The drain current is observed to remain constant 
out to Vbg=-40V (Fig. 20(a}}. The trap-filled-limit analysis· must at 
this point be applied to the depleted buffer with a high concentration 
' 
of shallow acceptors. This analysis has been performed numerically and 
reported on in the literature [22]. The results of the study indicate 
that extremely high values for Vtfl in compensated GaAs can be achieved 
by making the shallow acceptor concentration large, which is clearly the 
' . 
1 
case for the MOCVD material with p•IEIS cm-3. This result can be 
understood by recognizing that excess shallow acceptors pull the Fermi 
level lower in the ~andgap and ionize more of the deep traps present. A 
, . 
: 
higher concentration of unoccupied deep traps results in a higher Vtfl 
which is consistent with Lampert .and Mark's theory. From this analysis 
it is expected that a (cker buffer layer would result in more room for 
21 
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depletion layer spreading and worse backgating for a particular hole 
concentration. 
The MOCVD material with p•lEI5 cm-3 also exhibits a bifurcation in 
backgating characteristics. Figure 16(a) reveals two distinct groups -
devices with about 5% drain current reduction, and devices with greater 
than 15% drain current reduction. The characteristics of devices in the 
latter group have been discussed. A device representative of the group 
where backgating is minimal is shown in Figure 22(a). Its backgate 
leakage current is quite different from the leakage observed in the 
devices with >15% drain current reduction. The three devices with 
almost no initial backgating in Figure 16{a} correspond to the lowest 
three lbg curves in Figure 17(a}. A linear plot of this leakage does_ 
. 
not show the same high conductivity region for low voltages (Fig. 
22(b)) .. The device is also seen to differ in that conventional ( 
backga\ing occOrs for vb9>-20V. The reason proposed for lack of low 
voltage backgating in these device is that there is a spatial dependence 
of epitaxial layer thicknesses, and these devices have slightly thinner 
buffer layers than the group with high initial backgating. This would 
result in near total depletion of the buffer layer and an absence of a 
. conducting layer. This hypothesis was tested by compari_ng the amount of 
initial backgating with ldss for Vbg·~· If thickness across the wafer 
varies as a result of the growth process, a thinner buffer layer should 
cor~espo~d to a thinner active layer and lower ldss if the gate recess 
depth across the wafer is uniform. Figure 23 shows a comparison of 
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' 
' percent drain current reduction with ldss for Vbg•O. The correlation 
coefficient for the plot is .7, indicating that in general the amount of 
backgating is related to the initial value of I15~ in the manner 
proposed. The three devices exhibiting the smallest amount of initial 
• 
backgating are located near the major flat which is expected to be the 
,,. . 
thinnest part of the wafer because of the gas flow dynamics in MOCVD 
growth system [27]. The reason for backgating at Vbg•-20V is not well 
understood. Perhaps the backgate voltage which would have gone to 
depleting the buffer of mobile holes is impressed on the depleted buffer 
sooner with a concomitant reduction Ytfl· 
The MOCVO p•lE14 cm-3 wafer also exhibits backgating behavior 
which deviates from the classic case analyzed in the generally accepted 
model. While the drain current reduction characteristics are common, 
the backgate leakage current behavior does not display the sharp 
increase in current at the onset of backgating (Figs,,. 241(a),(b)). The 
backgate leakage current on a representative device remains quasi-ohmic 
.. 
throughout the transition from constant drain current to drain current 
reduction. We should not expect to observe the low voltage high 
conductivity region present in\the MOCVO p•IEIS cm-3 for the following 
reason. The existence of a partially depleted buffer layer· under the 
'. 
channel was confirmed for the I.Sum buffe~ with hole concentration of 
IEIS cm-3. For identical buffer thickness, the lower mobile hole 
concentration of 1El4 cm-3 results in total depletion of the buffer 
. .-
1 ayer making efficient low voltage communication between backgate 
) 
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contact and channel-buffer interface impossible. The lack of a sharp 
increase in backgate leakage at the onset of backgating indicates that 
there is sufficient voltage dropped across the 1nterfacial depletion 
layer to cause backgating without passing through a trap-filled-limit 
voltage. This is an important though not understood departure from the 
classic backgating model proposed. No buffer thickness effect on Vbgth 
was observed as in the MOCVD p•IEI5 cm-3 wafer; the low voltage 
backgating phenomenon on wafer 401 is a unique artifact of the 
undepleted high conductivity buffer. It is interesting to note that in 
Fig. 25, a correlation between backgate leakage current and %Idss 
remaining for Vbg·-I4V is not observed. So just as the magnitude of 
backgate leakage current alone does not predict the drain current 
reduction observed on the four materials studied, the magnitude of 
backgate leakage within the MOCVD p•IE14 cm-3 wafer does not seem to 
correlate to the quantitative drain current reduction observed for this 
wafer. What does hold true is that for a given device within the wafer, 
a higher leakage current does correlate to:a larger reduction in drain 
current in the backgating regime. It is proposed that a higher leakage 
current in this wafer corresponds to a larger voltage drop across the 
interfacial depletion layer. 
Both the ion implanted and MBE wafers1 exhibit behavior obeying the 
classic model for backgating. A sharp rise in backgate leakage 
coincides with the rapid decrease in drain current. For the ion 
implanted wafer the trap-filled-limit voltage as determined by the 
24 
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backgate leakage current is -8 Volts for all devices. The MBE wafer, 
which exhibits more variation in backgating characteristics, has an 
~,erage Ytfl of -9 Volts. This wafer has, on average, a higher 
threshold for backgating as seen in Figures 16c,d. Plots of 
representative devices for the two wafers (Figs. 26,27) reveal more 
precise agreement between Ytfl and Vbgth on the MBE wafer. From the 
space charge limited current flow model of Lampert and Mark, one 
predicts that the equilibrium density of unfilled deep traps is higher 
in the MBE material than the ion implanted material because of the 
relation (23]: 
MBE grown intrinsic layers are known to be_slightly p-type, which would· 
result in the fermi level for the MBE buffer layer being lower in the 
bandgap than in the undoped LEC material which has a lower concentration 
of shallow acceptors. Thus from the backgating characteristics it is 
impossible to determine whether the superior performance of the MBE 
wafer over the ion implanted wafer is related to differences in deep 
trap concentrations or differences in shallow acceptor concentrations 
which change the equilibrium concentrations of unfilled deep traps. 
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4.2. Backgat1ng Versus 8ackgat1 Contact Spacing 
The backgating characteristics as a function of backgate contact 
spacing confirm the theory that the threshold for backgat1ng increases 
for increased backgate spacing (Figs. 28,29). The exception occurs for 
the MOCVD p•lEIS cm- 3 devices for which there is an initial significant 
amount of backgating. The high conductivity undepleted buffer provides 
an efficient path for backgating independent of backgate spacing for the 
spacings studied. 
For both MOCVD wafers where the usual trap-filled-limit behavior 
is not observed, the increase in backgate spacing is observed to 
decrease the backgate leakage current for a given Vbg in the high 
voltage regime (IVbgl>lOV). A corresponding increase in the threshold 
for backgating is observed. Thus it is the amount of backgate leakage 
within a wafer which controls the potential drop across the interfacial 
depletion region which has been reported in the literature and confirmed 
with numerical simulations [21,22]. 
With the ion implanted and MBE wafers it is possible to plot Vtfl 
as a function of backgate spacing to~support the applicability of the 
Ii 
c)assic backgating model to these materials. One would expect that a 
higher Nt should result in both a higher Ytfl for a given spacing and a 
I 
i 
I 
larger slope of the Ytfl vs. Vbg characteristics. Figure 30 shows this 
26 
expectation to be true. The relationship between Ytfl and backgate 
spacing is a linear one, not the squared dependence predicted by the 
one-dimensional trap-filled-limit theory. This has been ob~Pr,ed at 
other laboratories and attributed to the two-dfmensional nature of the 
current flow in practical device geometries (28]. 
4.3. Backgat1ng Light Sensitivity 
The backgating light sensitivity was studied in order to better 
understand the relationship between backgate leakage and drain current 
reduction. The white light from the microscope creates free carriers in 
the material which should effect substrate/buffer conductivity and hence 
backgating characteristics as well. It has been reported that white 
light can either increase or decrease the amount of backgating depending 
on the properties of the semi-insulating layers [13]. It was found in 
this study that all of the wafers exhibit worse backgating under 
illuminated conditions. Figure 31 shows the dark versus illuminated 
backgating behavior of representative devices on the four wafers. Even 
the MOCVD p•IEIS cm-3 wafer with flat backgating characteristics at 
large voltages displays drastic backgating under illuminated conditions. 
It is interesting that both types of ~evices found on wafer 401 (little 
' 
& significant low voltage backgating) display similar backgating 
• 
characteristics when illuminated. This can be understood by examination 
• 
of the backgate leakage currents for dark and illuminated conditions 
(Fig. 32). As stated previously, the voltage drop across the 
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interfacial depletion region which results in backgating is controlled 
by the amount of backgate leakage for a given device and material type. 
All of the materials studied show increased backgate leakage by 
approximately one order of magnitude for the illuminated condition. The 
ion implanted and HBE devices do not exhibit the sharp increase in 
current at a trap-filled-limit voltage which is present in the dark. 
Thus it is possible to generate the requisite potential drop at the 
channel-substrate/buffer to achieve backgating behavior without passing 
through a trap-filled-limit voltage; this was the situation encountered 
in the MOCVD p•lE14 cm- 3 wafer in the dark. It is also curious to note 
that the illuminated backgate leakage in wafer 401, device 1719, 
resembles qualitatively the dark backgate leakage in device 3335 on the 
same wafer. In general, the wafers with the highest thresholds for 
backgating in the dark, MOCVD p•IEIS cm-3 and MBE, show the most drastic 
changes in backgating when illuminated. 
4.4. Output Adm;ttance Versus Frequency 
There is great difficulty in drawing quantitative conclusions from 
the data on frequency dependent output admittance. As discussed in the 
theory section, there is general agreement that traps at the channel-
buffer/substrate interface are responsible in at least part for the 
widely observed low frequency dep~ndent output admittance in GaAs 
r 
MESFET's. But these trapping processes involve injected hot electrons 
l .. 
from the channel in saturation and electric fields of large enough 
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magnitude to effect the trapping properties of the deep levels present 
(9,18,23]. It was found in this study that both the shape and maximum 
change 1n output admittance over the frequency range can be radically 
altered by very slight (.5 Volt) changes in drain-source bias voltage. 
Numbers of injected carriers and the statistics of deep level trapping 
both change when the electric field at the interface is varied making 
the process a very complex one to model completely over a range of bias 
conditions. The purpose of the measurement was only to confirm the 
existence of interfacial deep traps and their role in affecting device 
performance. Indeed the entire foregoing discussion has relied on 
theories for which interfacial deep levels are a central part. So while 
a detailed hypothesis of the exact nature of this phenomenon will not be 
presented, the results will be discussed in the broader context of the 
importance of the interface properties in determining device behavior. 
Figures 33(a),(b) display the magnitude and phase responses for 
representative devices on the four materials. All wafers exhibit 
frequency dependent output admittance. A confirmation of the influence 
of traps in the buffer is contained in the characteristics of the two 
devices shown from the MOCVD p=IEIS cm·3 wafer. Device 1735 comes from 
the part of the wafer with a thinner buffer than device 3335. The 
implications of such a difference with respect to backgating have 
already been asserted. It is seen that a thinner buffer also results in 
a measured difference in both the magnitude and phase response of the 
two kinds of devices. The device with a thicker buffer layer and 
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attendant undepleted region 1n the buffer has a greater increase in 
output admittance and larger peak phase shift. The only difference 1n 
these two devices from the same wafer is thPir spatial location; no 
differences in processing were made .. Thus it is proposed that there 
must be active deep traps in the buffer responsible for the observations 
- instead of, for instance, surface traps which would not be expected to 
vary across the unpassivated wafer. There 1s no reason to expect that 
interfacial traps in the other materials would not also be responsible 
for at least some of the observed results. Apparently the extent to 
which the p-type buffer is depleted affects the occupancy statistics of 
any deep levels present, suggesting a device design criterion on buffer 
thickness if one wishes to minimize the low frequency dependence of 
output admittance. It has also been suggested by others that a surface 
p-type layer between source and drain reduces the frequency dependence 
to zero [29], but the results of this study indicate that a surface p-
layer must be accompanied by an exactly depleted p-type buffer layer 
under the channel to reduce frequency dependence to zero in the MOCVD 
p•IEIS cm- 3 material. 
Returning to Figure 33(b), phase peaks are seen only on the MBE 
. ( 
and MOCVD p•IEIS cm-3 wafers. These peaks accompany the largest rates 
of change in output admittance magnitude observed, which is consistent 
with what one would expect from the electrical model of Figure 6. The 
phase responses of the MOCVD p•IE14 cm-3 and ion implanted wafers are 
increasing for frequencies below 100 Hz suggesting that the time 
~o 
' 
constants involved for these materials at this bias condition are 
larger. The phase shifts for all materials at 1 MHz are approaching 
zero which one would expect as traps are unable to follow the higher 
frequency signal. It is also clear from the plots of Figure 31 that the 
simple model presented in Figure 6 1s not adequate for any of the 
materials and that more parallel g-c elements are needed to describe the 
responses at this bias point. 
The white light illuminated magnitude and phase responses are 
shown in Figures 34(a),(b). It is very interesting to see that all of 
the materials exhibit qualitatively almost identical magnitude and phase 
characteristics under the illuminated condition. Just as the backgating 
characteristics of the four materials converged under white light, so do 
the frequency dependencies of their respective saturated output 
admittances. Perhaps when illuminated with the above bandgap energy 
white light the process responsible for the frequency deper,dence is 
dominated by a trap(s) common to all of the materials. 
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5, CONCLUSIONS 
A comparison of the backgating properties of GaAs MESFET's 
fabricated using direct ion implantation, HOCVO, and MBE has been 
reported. The results show a dramatic difference in backgating 
characteristics between the MOCVD wafer with a p•IEIS cm- 3 buffer layer 
and the other wafers studied. The MOCVD with a p•IEI4 cm- 3 buffer, MBE, 
and ion-implanted into LEC wafers all display qualitatively the same 
kind of drain current reduction when negative voltages are applied to an 
adjacent, isolated ohmic contact. There is no reduction in FET current 
below a certain backgate voltage (around -4 to -10 Volts), above which 
the current decreases rapidly. This reduction is observed to accompany 
an increase in the leakage current between backgate contact and the 
device for a given device on a given material type. For the MBE and 
ion-implanted wafers, the backgate leakage current rises at a well-
defined backgate voltage, the trap-filled-limit voltage. The MOCVD with 
a p•lE14 cm-3 buffer layer does not exhibit this well-defined 
characteristic. The MOCVD wafer with a p•IEIS cm-3 buffer layer has the 
characteristic of zero to 10% drain current reduction for low backgate 
voltages (greater than -6 Volts), followed by no further reduction out 
to Vbg•-20 Volts. The devices with less than 5% initial drain current 
reduction show gradual reduction in drain current for backgate voltages 
less than -20 Volts, while the devices with greater than 5% ·initial 
reduction remain flat out to Vbg•-40 Volts. This difference within the 
wafer is shown to correlate to buffer layer thickness nonuniformity, 
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with a thinner buffer layer corresponding to smaller initial drain 
current reduction. The thinner buffer layer was proved to result in 
minimal undepleted buffer ~eneath the device channel, a condition 
suggested as optimum for backgating minimization. 
All of the wafers studied show increasing threshold for backgating 
with increasing device to backgate contact separation. The exception 
was found on the devices on the MOCVD p•IEIS cm-3 wafer for which there 
was no high voltage backgating. The low voltage backgating on this 
wafer was found to be independent of backgate separation. The 
proposition that the voltage drop across the active layer-
buffer/substrate interface, which is responsible for backgating, is 
controlled by the amount of backgate to device leakage current was 
tested by performing the backgating measurements under illuminated 
conditions. All of the wafers showed dramatic increases in backgate 
leakage when illuminated, and a corresponding reduction in backgating 
threshold to almost zero Vbg, even on the MOCVD wafer with p•IEIS cm- 3. 
The existence of interfacial trap levels was confirmed by measurements 
of the FET saturated output admittance over the frequency range 100-
IMHz. The MOCVD wafer with a p•IEI5 cm-3 buffer layer was found to have 
the smallest frequency dependence of the output admittance. All wafers 
measured under illuminated conditions showed nearly the same frequency 
dependence, suggesting the existence of a trap level common to all of 1 
the materials. 
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The classic model for backgating generally held for all of the 
materials except the MOCVD wafer with a high p-type buffer layer. In 
this case, the voltage co11111unication between backgate rnn~act and device 
1s via ohmic conduction in the undepleted buffer layer, not space-
charge-11m1ted currents. The results on this wafer suggest a device 
' 
design criterion for backgating mitigation of a high (>p•IEIS cm-3) p-
type buffer layer of thickness approximately equal to the depletion 
depth at the channel-buffer interface. Under-depletion will result in 
excessive backgating at very low backgate voltages. The frequency 
dependence of output admittance will also be minimized with this scheme. 
An isolation implant to completely isolate through the p-type buffer 
would be an interesting possibility to increase backgating thresholds 
even more. This would allow for greater circuit densities by relaxing 
the device spacing requirements necessary to avoid backgating with given 
supply voltages. This work proves the utility of p-type buffer layers 
for reducing the backgating problem in GaAs integrated circuits. 
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FIGURE 5: MESFET small-signal equivalent circuit. 
Rds is the small-signal output resistance 
d 
I, 51:·I> 
1.0t-eJ 
. ~. 
LlGIND 
• 
1 
~It 
f 
.. 
.. 
• 
.,.. . 
'./ V 
• 
-- / 
-
• ~ 
_,• 
1.-' .. ~ 
• 
• 
• 
• 
1. 0 +es 
-,--,--,-,..,.,.,~-,--,-.-TTimr--,....,..,-,.yffff--,......~,.,.,..--.................. ~~~ 
• 
"' 
• 
• 
.. 
.. 
• 
• 
"' 
• I 
I 
.. 
• V • 
• 
• 
t. ~· +~ 1 1.0 +e2 
~. 
I 
I 
• 
I 
• 
J 
~~ 
c., 
\ 
l ~~~f: 
' 
' 
~· = '"'s 
3"' : .. )l 1115 
Yo • c., a .olS ),.f 
11 
FIGURE 6: (a) Typical saturated output admittance (Yo) 
versus frequency for a lOOum FET (b) Equivalent 
circuit ·· 
40 
. .r, 
\ 
Vds 
G 
s D 
N 
·-+-·-·+---+· ---;-~.~--+· -- ·+-··+·---+·--+~---+-· -+· -·+ n 
p-
SI GaAs 
---------------------------------------------
·-----------------
INTERFACIAL DEPLETION 
LAYER 
FIGURE 7: MESFET under bias with channel height reduction 
due to the interfacial depletion layer 
_______________ .. ,, Et 
/ Ev 
---
N SI 
----Ee 
,,-- ----------------- ~-Nd d 
, 
-----------,,-'---~----- ~·-- Ef p-TYPE BUFFER 
, 
Ev 
________________ , 
N p-
FIGURE 8: Energy band diagram with a p-type buffer layer 
I 
Vds 
D G s 
/ 
"' 
TRAPPED ELECTRON CHARGE 
, 
,, 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
Vbg 
J 
' 
' I 
I 
' -\ 
\ 
' 
' 
' 
' 
BACKGATE 
.. 
UNFILLED TRAPS 
FIGURE 9: MESFET with backgate contact injection 
I 
• 
' ' 
. 
%1dss 
Vbgth 1 
Vbgth2 
Vbgth3 
\ 
___._____. X b g 1 
-=s====~=== Xbg2 
_\_.----------- X b g 3 
-Vbg (VOLTS) 
FIGURE 10: Typical MESFET backgating characteristics 
Vbg 
BACKGATE 
( 
CHANNEL-SI JUNCTION 
. -I 
Rsi a: Vbg 
FIGURE 11: Backgating electrical 110del 
I 
-lbg (AMPS) 
-Vbg {VOLTS) 
Vtfl 
FIGURE 12: Log-log plot of current flow in an insulator 
containing deep traps. Vtfl is the 
trap-filled-limit marking steep current rise 
FET BACKGATE OHMIC CONTACTS 
-
- - - CONTACT DISTANCE TO SOURCE 
BG 1-7.5um 
100um BG2-17.5um 
BG3-27.5um 
.... .. ~ 
.. 
- BG4-37.5um 
G B Gl ·BG2 BG3 BG4 
D s CONTACT PADS 
FIGURE 13: Backgating tester 
' 
r 
I • 
-
X X X 
X X X 
X X X 
FIGURE 14: 2• Wafer distribution of test sites 
PRINTER/PLOTTER 
PROBE CONNECTION 
HP4145A 
HP4194A 
WENTWORTH MANUAL PROBE STATION 
.. 
FIGURE 15: Test measurement apparatus 
• I 
... 
X 
13 • • I I I I I I I I • I 9 I I I I ,, I • I I I I I I I I I I I I I I I • I I I #II I I •• I I I I I I I • • •••••••I••••••••••••••••••••• A••• • • • • • I . . . . . . . . . . . . . . . . 
" 
. . 
.,................. ' . . 
. . ... . . . . . . .. . ... . .. . . . . .. . .. . . . . . . .. .. .. .. .. .. ... ... ..... . ~ . . . . .................................... . 
• • • • • 
• • • 
• 
. 
• . 
• 
• • • 
• 
• 
. 
• • 
I • 
0 lo O O O \ I 
I 0000000000000000000 oo0000000000000000000~000000000000000000000loooo00000000000000000A000000000000000000000;0 
• • • • • 
• • • 
• • 
• 
• • 
. 
. • 
• • 
• 
. 
• 
• • 
I 
• • 
. ,. ••..•...•.........••. , ........•............ , ...•..................•..•.................. ~ •.................... :. • • 
-15 -11 -1 -J l s 
FIGURE 16(a): Backgat1ng induced drain current reduction for wafer 401 {9 sites) 
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FIGURE 17(a): Backgate to~sourca leakage current 
corresponding to Fig. 16(a) 
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FIGURE 17(b): Backgata· to source leakage current 
corresponding to Fig. 16{b) 
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FIGURE 17(c): Backgate to source leakage current 
corresponding to Fig. 16(c) 
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FIGURE 17(d): Backgate to source leakage current 
corresponding to Fig. 16(d) 
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FIGURE 19: Wafer distributions of percent drain current 
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FIGURE 20(a): Low voltage backgating for 
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a representative 
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FIGURE 21: Linear plot of backgata leakage in Fig. 20(b) 
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FIGURE 22(a) • • High voltage backgating for device on wafer 401 
a representative 
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